The pollination biology, fruit set and breeding system of Anagallis arvensis, A. parvi¯ora and A. monelli were studied in the ®eld and glasshouse. No pollinators were observed at¯owers of A. arvensis and A. parvi¯ora, and hand pollinations indicated that these species are self-compatible taxa which automatically self-pollinate as the petals close at the end of the ®rst day. Flowers of A. monelli were visited by several small halictid bee pollinators and a ®eld diallel with seven plants indicated that this species is self-incompatible. Fruit set in A. monelli is correlated with distance to the nearest conspeci®c neighbour such that beyond 2 m fruit set is relatively low. The diallel cross, and also an analysis of the number of seeds per capsule for all plants located within 2 m of a conspeci®c, indicated that about 18 % of the population of A. monelli showed low female fecundity and were thus`male dominant' individuals.
INTRODUCTION
The Primulaceae (sensu Pax, 1905 ) is one of the six or so families of¯owering plants that are characterized by the widespread rather than occasional occurrence of heteromorphic self-incompatibility (HetSI). However, this is because some 91 % of the approximately 425 species of the genus Primula L. have HetSI (Wedderburn and Richards, 1992; Arnold and Richards, 1998) ; and, in fact, this breeding system seems to be largely con®ned to the tribe Primuleae Endl. (e.g. Vitaliana Sesler, Hottonia L., Dionysia Fenzl). The occurrence of self-incompatibility in other members of the family, and whether this is under diallelic or multiallelic control, remains to be con®rmed.
In the monogeneric tribe Cyclamineae Pax, various species of Cyclamen have been reported to be selfcompatible (Are et al., 1995 Are and Thompson, 1999) . There seem to be no studies on the reproductive biology of species of Samolus L. of the monogeneric tribe Samoleae Endl. or Coris L. of the Corideae Benth. & Hook. In the tribe Anagallideae Endl. ( Lysimachieae Pax), the genus Lysimachia L. was reported to have gametophytic SI (Crowe, 1964) , probably based on the report of SI in L. nummularia L. by Dahlgren (1922) , whilst the Chinese species L. crispidens Hemsl. was reported by Bennell and Hu (1983) to have long-tubed¯owers, distyly, and dimorphic pollen characters that are usually associated with HetSI, although self-incompatibility was not investigated. In the genus Trientalis L., Hiirsalmi (1969) reported self-compatibility in T. europaea L., whilst SI was reported in T. arctica Fisch. by Pojar (1974) , and T. borealis Raf. was shown to have non-heteromorphic but otherwise uncharacterized SI by Anderson and Beare (1983) and Barrett and Helenurm (1987) . Here we report a comparative study of the breeding system of three species of Anagallis L. which is the remaining genus (with around 20 species) of the tribe Anagallideae.
MATERIALS AND METHODS

The species
Anagallis arvensis L. is an annual species that occurs across Europe and is also dispersed world-wide as an introduced ruderal. In the typical variety, which is more common in northern and central Europe, petals are usually reddish, whilst var. caerulea (L.) Gouan and var. latifolia (L.) Lange, with blue¯owers, are more common in the Mediterranean region. A. parvi¯ora Hom. & Link is another annual species of marshy herbaceous communities in the west of the Iberian Peninsula and some Mediterranean islands (Knuth, 1905) . Because of its similarity to A. arvensis, this species has been treated as a variety or subspecies of the former by various authors, e.g. Pujadas (1997) ; but various¯oral characters, and also a chromosome number of 2n 20 in A. parvi¯ora vs. 2n 40 in A. arvensis (Kollman and Feinbrun, 1968; Talavera et al., 1997) separate these taxa. Moreover, A. parvi¯ora is intersterile with A. arvensis (Talavera, unpubl. res.) . A. monelli L. is a short-lived perennial species with blue or pinkish¯owers, distributed in the western Mediterranean area. Like A. parvi¯ora, it has a chromosome number of 2n 20 (Talavera et al., 1997) . All three species have nectarless, pentamerous, polypetalous¯owers with a compound ovary. In A. arvensis and A. parvi¯ora, this is surmounted by an erect style with the stigma located between the ®ve anthers. In A. monelli, the style is exserted at an angle from the top of the ovary, and the stigma is thus situated away from the anthers. Thē owers of Anagallis species are characterized by nyctinastic movements of the petals, which close at dusk and reopen the following day, and also by the curvature of the pedicel in successfully pollinated/fertilized¯owers, whilst unpollinated or unfertilized¯owers retain a straight pedicel which persists after the¯ower senesces. The fruit is a 20±30 seeded pyxis.
Reproductive biology
Populations of the three species were studied in the ®eld during March and April, 1998 in areas of regenerating matorral vegetation near Hinojos (Prov. Huelva), SW Spain. Some plants of A. arvensis and A. parvi¯ora were also transplanted and cultivated in pots in an experimental glasshouse at the University of Seville, Spain.
The following¯ower and fruit parameters were studied: ower size, pollen/ovule ratio, fruit/¯ower and seed/ovule ratios, from which the PERS ( pre-emergent reproductive success, i.e. fruit-¯ower Â seed-ovule ratios) was calculated for each species (Wiens et al., 1987) . For A. arvensis and A. parvi¯ora, pollen counts per anther were made by expressing the whole contents of individual anthers from owers ®xed in 70 % ethanol onto a slide. Pollen number in A. monelli was estimated using a haemocytometer slide. For estimates of fruiting success in A. arvensis and A. parvi¯ora, random samples of infructescences were scored for conversion of¯owers into fruits, and the ovule number and seed contents of fruits were counted. For A. monelli, all plants in the study population of 94 individuals were censused for ower production and fruiting success, and the distance to the nearest conspeci®c neighbour was also measured for this population. These data were used to study distance eects on fruit set, and also, for a subsample of the A. monelli population (see discussion below), to compare fruiting success between individuals.
Floral anthesis and longevity were monitored, and plants were observed for pollinator activity during 10 min intervals in morning and afternoon periods. Hand self-or crosspollinations were eected by dabbing appropriate dehiscing anthers onto the stigma of emasculated¯owers, using transplant material of A. arvensis and A. parvi¯ora, whilst for A. monelli a diallel cross was carried out in the ®eld with seven plants. For this purpose, the plants were covered with muslin cages to exclude pollinators. Samples of handpollinated pistils were ®xed in FAA (70 % ethanol À5 % glacial acetic acid À5 % formalin) at 12, 24 and 48 h and pollen tube growth was observed with leucoaniline blue staining and¯uorescence microscopy with uv ®lters (Martin, 1959) .
All mean values are followed by standard error and sample size. Prior to statistical analyses of the data, samples with non-normal distributions were transformed to log base 10, and percentage values were arcsin transformed. Data on fruit-and seed-set for A. monelli were analysed with oneway ANOVA, and where dierences were signi®cant separation of means was performed using the ScheeÂ test (P 5 0 . 05).
RESULTS
Both A. arvensis and A. parvi¯ora formed rather dense populations comprising patches of plants with their¯ower-ing stems in contact. Individual plants presented few open owers per day, and no pollinators were observed visiting the¯owers of either species. In the population of A. monelli, inter-plant distances varied:¯owering stems of some plants intermeshed, whilst others were more isolated. Plants of A. monelli were very conspicuous, with each plant bearing many open¯owers which were frequently visited by two small halictid bees, Lasioglossum marginatum Brulle and Nomioides variegata Olivier. The latter was particularly active at gleaning pollen from the anthers and making contact with the stigma in the process (mean + s.e. number of¯owers visited per minute at 1200 h: " x 3 . 6 + 0 . 98, n 25; 1400 h: "
x 4 . 8 + 1 . 76, n 19; 1600 h: " x 18 . 2 + 3 . 1, n 13, in patches of around 300¯owers). Floral and fruiting parameters for the three species are given in Table 1 .
Flowers of A. arvensis and A. parvi¯ora persisted for 2±3 d and 2 d respectively. Self-pollination occurred in untreated¯owers with the closure of the petals at the end of the ®rst day of¯owering. In these two species, all hand self-and cross-pollinated and non-treated¯owers formed fruits. Self pollen tubes were observed in the ovary, with penetrated ovules, 12 h after the closure of the petals in both species. Curvature of the pedicel had begun by the second day in A. parvi¯ora and by the third day in A. arvensis.
Since the stigma is located sideways away from the anthers in A. monelli, automatic self-pollination did not occur when the petals closed each evening. Unpollinated owers had a longevity of about 8 d ( " x 8 + 0 . 52, n 15) during which time the stigma remained receptive although the anthers had shrivelled and dried by the third day. Flowers selfed on the ®rst day of opening persisted for several days ( " x 4 . 3 + 0 . 31, n 15) and crossed¯owers also persisted ( " x 3 . 2 + 0 . 35, n 15) but for a signi®-cantly shorter period (P 5 0 . 02). No hand-selfed¯owers of A. monelli produced fruits, and¯uorescence microscopy showed that self pollen tubes were arrested in the upper third of the style by 48 h whereas hand-crossed pistils had penetrated ovules by this time.
Plants of A. monelli (n 94) produced seven ±939 owers ( " x 127 . 7 + 14 . 25) and seven ±285 fruits ( " x 73 . 20 + 6 . 0) with a fruiting success of about 80 % ( " x 0 . 78 + 0 . 03). Nearest conspeci®c neighbour distances varied from 0.1±15 m ( " x 2 . 20 + 0 . 41). Fruit-set success in A. monelli (Fig. 1 ) was negatively correlated with this distance (r À0 . 81, n 94, P 5 0 . 00001), and plants growing within 2 m of a neighbour had a markedly higher fruit-set than those which were more widely separated (F 164 . 14, d.f. 1 & 92, P 5 0 . 000001, arcsin transformed data).
Results of the ®eld diallel cross with seven plants of A. monelli, together with fruit-and seed-set resulting from natural pollinations in these plants, are shown in Table 2 . Following natural pollination, plants 1, 3, 5 and 6 had low PERS values (50 . 4), whilst those of plants 2 and 4 were high (40 . 8). These latter two plants, and also plants 1 and 3, were located less than 110 cm from their nearest neighbour, whilst plants 5 and 6 were located more than 170 cm from their nearest conspeci®c. However, although the diallel showed that all seven plants were crosscompatible, three plants (1, 3 and 5) had markedly low seed set (521 %) from all hand-cross pollinations, whereas plants 2, 4, 6 and 7 had high seed-set (469 %). An ANOVA for male function ( pollen donor) for these seven plants ( Fig. 2A) showed no signi®cant dierences between them (F 0 . 395, d.f. 6 & 77, P 0 . 88), whereas an ANOVA for female function indicated signi®cant dierences (F 186 . 78, d .f. 6 & 77, P 5 0 . 01) between plants, and 1, 3 and 5 produced signi®cantly (P 5 0 . 01) fewer seeds per fruit than plants 2, 4 , 6 and 7 (Fig. 2B) . 
DISCUSSION
The low impact¯oral displays and limited pollen of A. arvensis and A. parvi¯ora attracted no¯oral visitors. Both species are self-compatible taxa which automatically self-pollinate with the nyctinastic closure of their petals at the end of the ®rst day of¯owering. However, their pollen/ ovule (P/O) ratios are somewhat higher than those cited by Cruden (1977) for facultatively autogamous¯owers (32± 397); this may simply re¯ect an ancestry of outbreeding in a genus with nectarless¯owers in which additional pollen was needed as a pollinator reward. High P/O ratios have been reported in self-compatible and nectarless Cyclamen species . The relatively high PERS values in these two Anagallis species accords with the values reported by Wiens et al. (1987) for predominantly selfpollinating, self-compatible taxa.
In contrast, A. monelli had a relatively conspicuous¯oral display and pollen production which attracted frequent visits by pollen-gathering halictid bees. This is a selfincompatible species, and the relatively higher pollen/ovule ratio is within the range (1062±19 000) for xenogamous species according to Cruden (1977) . The low PERS value in this species also accords with that encountered in obligately outbreeding species (Wiens et al., 1987) .
Despite marked self-incompatibility, most¯owers successfully set fruit in this species when plants were less than 2 m from a conspeci®c neighbour. The inverse relationship between plant fecundity and distance to the nearest neighbour is similar to that found by Wyatt and Hellwig (1979) in Houstonia (Hedyotis) caerulea, a species with HetSI, and also in other obligate outbreeding species, e.g. in dioecious Osyris quadripartita (Herrera, 1985) and homomorphic, self-incompatible Cistus ladanifer (Talavera et al, 1993) . In contrast, Bawa and Webb (1984) reported that fruit-set in six neotropical tree species was positively correlated with distance to conspeci®cs. These contrasting results are presumably due to dierences in the densities of populations in Mediterranean scrubland vs. tropical woodland communities, and also in the eciency of pollinatorsÐcommonly large bees in neotropical woodlands (Frankie et al., 1983) vs. small-to-medium bees in Mediterranean communities (Herrera, 1987; Talavera et al., 2001) .
A. monelli also diers from the other two congeneric species in having a¯oral longevity of approx. 8 d in unpollinated¯owers. Primack (1985) indicated a strong phylogenetic component in the occurrence of¯oral longevity, and this seems to apply to members of the Primulaceae (but see comments on systematics of Anagallis below) since species of e.g. Primula and Cyclamen generally show long-lived¯owers, as does Lysimachia quadri¯ora with a longevity of about 10 d (Primack, 1985) and Trientalis borealis with a longevity of 8 d, (Anderson and Beare, 1983) . Persistence of¯owers in this species may enhance the¯oral display needed to attract pollinators.
Hand pollinations revealed self-incompatibility but full cross-compatibility between all seven plants of the ®eld diallel, suggesting multiallelic rather than diallelic control of SI. The uniform arrest of self-pollen tubes in the upper region of the style also supports the presence of gametophytic SI (GSI) in this species. If substantiated by further studies, the Primulaceae would provide an unusual example of a¯owering plant family dominated by HetSI but also containing some GSI taxa. This is the reverse of the usual situation, in which families with GSI may show occasional taxa with presumably secondarily evolved HetSI, e.g. species of Jepsonia in the otherwise non-heteromorphic Saxifragaceae (Ganders, 1979) , although occasional GSI in a predominant HetSI family is also found, e.g. in the genus *Plant 7 was lost by predation after completion of the diallel and so was unavailable for natural fruit set census. {Means calculated from the mean seed set in crosses with the other six plants.
Coea, in the overwhelmingly heterostylous Rubiaceae (Krug and Carvalho, 1951) . It is of interest in this context that a recent molecular systematic study of the order Primulales by KaÈ llersjoÈ et al. (2000) , based on three chloroplast DNA genes and also morphological parameters, indicated that the family Primulaceae is polyphyletic, and these authors recommended that the tribes Anagallideae (sub Lysimachieae) and Cyclamineae should be transferred from the Primulaceae to the Myrsinaceae.
Despite cross-compatibility between all seven plants in the ®eld diallel, three plants (1, 3 and 5) showed consistently low seed-set (low seed-ovule ratios) in all crosses. Since pollen from these three plants was eective in all crosses, they can be considered as partially female sterile, or`male dominant' individuals. Low seed-set in these plants is not due to reduced ovule number since their mean ovule number was not signi®cantly dierent from that of hermaphrodites. Nor is it due to failure of pollen tubes to grow to the ovary. However, we do not have sucient observations of ovule penetrations in pistils of hermaphrodites vs. male dominant individuals to determine whether poor seed-set results from poor penetration, perhaps due to dysfunctional ovules in these plants, or post-fertilization events.
We attempted to census the remaining population for such male dominant individuals. This procedure was complicated by the fact that we had to rely on fruits formed by natural pollination which, in some plants, can be diminished by distance eects, and we lacked data on the fruiting potential of such plants as evinced by hand pollinations. In the diallel, plants 1, 3 and 5 showed poor female fertility, as con®rmed by hand pollinations, and also poor fruiting following natural pollinations. In contrast, plant 6 showed poor fruiting following natural pollination, presumably due to its relatively isolated position at the margin of the population; however, hand pollinations showed this plant to be an eective hermaphrodite individual. To overcome these factors, we eliminated from the population survey all individuals that were situated more than 2 m from a conspeci®c, and only the remaining 20 plants were analysed for mean seed number from ten randomly collected fruits. Results indicate that two plants had a markedly low seed number per capsule, which was signi®cantly dierent from the remainder of the population (Fig. 3) .
This study indicates that A. monelli is self-incompatible, and that this mechanism is more likely to be of a multiallelic rather than diallelic type. Furthermore, at a conservative estimate, about 18 % of the population ( ®ve plants from a sample of 27) consisted of plants that showed impaired female fertility, with a breeding system which thus resembles androdioecy. There are various possible explanations for such low female fecundity in some individuals. For example, in these perennial plants, reduced female fertility may be due to very high female fertility in a previous year of reproduction; or there could be inbreeding depression (genetic load) in some plants of this self-incompatible species as a consequence of consanguineous matings, resulting in reduced seed-set. However, the fact that all plants with impaired female fertility showed normal vigorous growth and proli®c¯owering does not support a limited maternal resource or genetic load explanation, and indicates that other factors, such as the occurrence of subandrodioecy, may be responsible.
Interestingly, an historical taxonomic treatment of A. monelli indicates that this phenomenon of female-sterile plants has been a long-term feature of the breeding system of this species. Willkomm (1870) recognized two species, A. collina Schousb. and A. linifolia L. (which subsequent taxonomists have accepted as A. monelli) principally on the basis that A. collina showed fruiting pedicels that were not arcuate-curved but rather were straight or only slightly curved at the apex (`pedunculis . . etiam post anthesin non arcuato-recurvatis sed patentibus apice solum parum recurvatis (nutantibus)'), whilst those of A. linifolia were described as arcuate-recurved (`pedunculis F F F sub anthesi patentibus rectis, fructiferis arcuato-recurvatis'). Willkomm (loc. cit.) expressed some doubt as to the validity of these species, and suggested that observations in the ®eld would most likely establish that they would be better treated as varieties or forms of the same species. This would seem to be an early case in which the reproductive biology of a species had an impact on the classi®cation adopted, but Willkomm's`species' diagnostic characters are simply those of male dominant vs. hermaphroditic plants. However, these observations also indicate that plants with markedly low seed fecundity have been a feature of A. monelli populations at least over the past century. ACKNOWLEDGEMENTS P.E.G. received an E.U. Human Capital and Mobility grant with the EstacioÂ n BioloÂ gica de DonÄ ana which funded ®eldwork in Spain, and S.T. was funded by grants RNM 
